The lung surface is an ideal pathway to the bloodstream for nanoparticle-based drug delivery. Thus far, research has focused on the lungs of adults, and little is known about nanoparticle behavior in the immature lungs of infants. Here, using nonlinear dynamical systems analysis and in vivo experimentation in developing animals, we show that nanoparticle deposition in postnatally developing lungs peaks at the end of bulk alveolation. This finding suggests a unique paradigm, consistent with the emerging theory that as alveoli form through secondary septation, alveolar flow becomes chaotic and chaotic mixing kicks in, significantly enhancing particle deposition. This finding has significant implications for the application of nanoparticle-based inhalation therapeutics in young children with immature lungs from birth to~2 y of age.
The lung surface is an ideal pathway to the bloodstream for nanoparticle-based drug delivery. Thus far, research has focused on the lungs of adults, and little is known about nanoparticle behavior in the immature lungs of infants. Here, using nonlinear dynamical systems analysis and in vivo experimentation in developing animals, we show that nanoparticle deposition in postnatally developing lungs peaks at the end of bulk alveolation. This finding suggests a unique paradigm, consistent with the emerging theory that as alveoli form through secondary septation, alveolar flow becomes chaotic and chaotic mixing kicks in, significantly enhancing particle deposition. This finding has significant implications for the application of nanoparticle-based inhalation therapeutics in young children with immature lungs from birth to~2 y of age.
postnatal lung development | inhalation therapy | pulmonary acinus | aerosol transport and deposition | convective mixing T he efficacy of inhalation therapy depends on the successful delivery of drug particles to the targeted site along the respiratory tract. Three major factors that determine this process are (i) particle characteristics, (ii) alveolar and ductal structure, and (iii) airflow patterns within that structure. Physicochemical properties of the particles, such as size, which affect the deposition site (1, 2) , and surface charge, which affects the nature of interaction with the lung surface (3, 4) and the subsequent translocation into tissues (3, 4) , have been studied extensively. Similarly, respiratory airflow patterns have been studied comprehensively (2) . However, much less is known regarding the effect on particle deposition of the dramatic remodeling of the alveolar and ductal structure during postnatal lung development. Furthermore, there is currently a general misconception that diffusion is the main mechanism for transport and deposition of nanoparticles (NPs) because their diffusivity is larger than that of micrometer particles. However, diffusive transport of NPs is in fact much weaker than convective transport in the lungs (e.g., as quantified by the relative ratio of these two transport mechanisms through the Péclet number; SI Materials and Methods). In other words, inhaled drug particles are essentially carried to the deposition site convectively (1, 5, 6) (Fig. S1 ), and airflows are strongly influenced by airway geometry and breathing patterns (2) . For deposition to occur, particles carried to the alveoli by the inhaled tidal air need to come into close proximity with the epithelial surface by mixing with a layer of alveolar residual gas. We have found previously that although acinar flow is essentially a viscous flow, it can nevertheless be highly complex and kinematically irreversible due to the high level of complexity of the acinar geometry (1, 2, (5) (6) (7) (8) . In fully developed alveolated adult lungs, alveolar flow can be rotational and chaotic, leading to flow-induced mixing and subsequent increased deposition (1, 2, 5, 6) .
Human lungs, however, are not fully developed structurally at birth; they are largely saccular without significant alveolation, and after birth they undergo a dramatic remodeling (9) , roughly comprising three phases (10) . In phase 1, there is a rapid structural alveolation; phase 2 includes lengthening and thinning of the secondary septa; in phase 3, uniform growth and expansion occurs with no further changes in shape. In addition to these architectural changes, breathing patterns also differ in infants and adults; mass specific ventilation is higher in infants than in adults to support both increased mass-specific metabolic rates and growth (11) .
The objective of the present study was to test whether postnatal changes in alveolar geometry and breathing patterns during lung development lead to major changes in the deposition of nanometer-size particles. We address this question in a rat model because rats, similar to humans (9) , are born with lungs at the saccular stage (10) , and in both species essentially the same remodeling processes, involving all three phases, occur postnatally (10, 12) .
Results First, we demonstrate striking differences in the geometry of the lung parenchyma in rats at various time points after birth ( Fig.  1 ). Rats at 4 d of age have largely saccular airways with no visible alveoli ( Fig. 1 A and D) , but by 21 d the acini show marked alveolation with fully shaped (Fig. 1 B and E) , albeit somewhat smaller, alveoli compared with the adult animal ( Fig. 1 C and F) . The fact that the size of the alveoli does not increase monotonically with age, but rather dips to a minimum around the age of 21 d, is supported by earlier findings that the surface density of the alveolar epithelium also peaks at 21 d (13). Breathing patterns at various ages were also measured. In awake, spontaneously breathing infant rats the tidal volume (V T ), breathing frequency (f), and minute ventilation (MV = V T f) were found to scale allometrically with body weight (BW) to exponents of 1.06, −0.12, and 0.91, respectively (Fig. 2 ). There are a few observations noteworthy here. The exponent value (0.91) found in the allometric relationship between MV and BW is statistically significantly different both from 1 and from two-thirds. The importance of the former will be addressed below in terms of particle deposition. The latter represents the difference in intraspecific allometric scaling between that in the developing lungs and that in fully developed adult lungs. The fact that minute ventilation, a surrogate for metabolism, of the developing rat scales as the 0.91 power of body mass, which is significantly higher than the value of the intraspecies allometric exponent (two-thirds) in the adult animal (14) , may be interpreted as Author contributions: A.T. designed research; M.S.-B., W.G.K., H.S., and A.T. designed the experiments; .M.S.-B., W.G.K., H.S., S.T., F.S.H., and A.T. performed research; M.S.-B., W.G.K., H.S., S.T., J.P.B., F.S.H., and A.T. analyzed data; and A.T., M.S.-B., W.G.K., H.S., J.P.B., and F.S.H. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1119339109/-/DCSupplemental. a consequence of the increased metabolic need that is directly associated with growth. In addition, it is interesting to note that the value of each intraspecies allometric exponent (Fig. 2) is nearly identical to the corresponding interspecies allometric exponent (11) .
Applying computational simulations (Materials and Methods and Fig. S2 ), we examined the effects of postnatal changes of alveolar geometry (depth and size of alveoli, alveolar wall motion) and breathing patterns (tidal volume, breathing frequency) on acinar airflow patterns. Our analysis specifically looked for the presence or absence of rotational flow inside the alveolar cavity, because this is a critical condition for the onset of chaotic flows (6) . Because the depth of the alveolar cavity increases during postnatal lung development (Fig. 3, Bottom) , the flow changes from smooth with no rotational components (thus, reversible) in the newborn saccular alveoli (Fig. 3 , Middle Left) to largely rotational (5, 6) (thus, potentially irreversible) in the mature fully formed alveoli (Fig. 3 , Middle Right). We reasoned that there must be a critical developmental stage at which the lengthening secondary septa become large enough to make the alveolar cavity sufficiently deep (Fig. 1B) to cause the cavity flow to rotate (Fig. 3 , Middle Center). At that stage of development, the characteristics of the acinar flow should qualitatively change (6) with the onset of chaotic dynamics (see particle irreversibility in Fig. 3 , Top and Fig. S3 ). This radical shift in the fluid dynamic regime leads to significant mixing (1, 2, 6) of the particles in the inhaled tidal air with the residual gas and, consequently, results in increased deposition of particles on the alveolar walls (2). The hypothesis described above, which is based on our fluid mechanical analysis, was tested in vivo in exposure experiments with rats of five different age groups (7, 14, 21, 35 , and 90 d old, n = 16 each) representing the various stages of postnatal acinar structural development (10) . Insoluble, radioactively labeled iridium NPs of either 20 nm or 80 nm were generated, neutralized, humidified, and continuously monitored (Materials and Methods and Fig. S4 ). The rats were maintained in a containment tube with only their nose exposed to the bypassing NPs for 1 h (Fig. S4) , and they were killed either immediately (n = 8 for each age group) or at 24 h (n = 8 for each age group) after exposure. The total deposition fraction immediately after exposure was calculated as a ratio of the measured radioactivity in the body (excreted plus retained) at sacrifice to the amount of radioactivity inhaled as aerosols (15, 16) . The inhaled aerosol volume was calculated from total inhaled air volume during the period of exposure (the product of minute ventilation and exposure duration) and the specific radioactivity of the inspired aerosol, determined from the aerosol sample (Materials and Methods).
We found that total deposition strongly depended on the age of the rats (Fig. 4, Upper) . Though the deposition was generally higher for 20-nm NPs compared with 80-nm NPs, due to their relatively † higher intrinsic diffusivity, the deposition of both 20-nm and 80-nm NPs peaked in 21-d-old rats (Fig. 4, Upper) . At this age the acini have just completed structural alveolation and septal thinning, and their shapes approximate those of the adult animal, albeit smaller in size ( Fig. 1 B and E vs. Fig. 1 C and F) . Thus, the alveoli at this age may be sufficiently deep to promote rotational flows, and consequent chaotic mixing, as we found for the corresponding alveolar shapes in our computational studies (Fig. 3 , Middle Center and Top). This finding supports the idea that age-dependent changes in acinar fluid mechanics (conditioned by the changes in the alveolar duct structure and breathing patterns) indeed play a critical role in determining the fate of inhaled particles.
In animals younger than 21 d, the acini have few alveoli or relatively shallow alveoli. Airflows in such acini are shown in computational studies to be simpler and reversible, with a tonguelike Poiseuille flow pattern (Fig. 3, Middle Left) . In addition to less-effective diffusional deposition due to the relatively large airspaces in animals younger than 21 d, the absence of chaotic mixing results in less flow-induced mixing. This finding is consistent with our observation of lower deposition fraction in animals younger than 21 d compared with older animals (Fig.  4 , Upper).
In rats of 21 d and older, the acini are fully alveolated, and therefore airflows are likely rotational and chaotic (Fig. 3 , Middle Right). These chaotic flow patterns, as noted above, are important in enhancing deposition, but the size of each airspace, through which a particle is transported for deposition, also plays a role in determining the magnitude of deposition. Because alveolar size tends to increase after age 21 d (10), the deposition We note that even the 20-nm NP's diffusivity is small relative to convection, and hence, diffusion only becomes an effective transport mechanism once the NPs have been brought close to the alveolar surface by convective mixing.
efficiency is expected to decrease after that age. Overall, therefore, it appears that the geometry of the 21-d-old rat's acinar structure, with its fully formed alveoli and small dimensions, is an optimal combination for efficient deposition of NPs, and results in a peak deposition efficiency (Fig. 4 , Upper).
Regional deposition (lung parenchyma vs. other sites) was estimated from measurements made at 24 h after exposure (Fig.  4 , Lower, and Materials and Methods). Although it is generally known (17) that the nose is efficient at trapping both very large (>5 μm) or very small (<10 nm) particles by inertial impaction and diffusion, respectively, particles of the sizes we used (20 and 80 nm) most likely bypass the upper and central airways and directly enter and deposit deep within the lung. It is important to emphasize that because there is no fast clearance mechanism in the acinus, particles deposited in this region of the lung remain there for extended periods (16, 18) . Having particles remain in the acinus for extended periods is advantageous for therapeutic drug delivery in a number of ways; for instance, it prolongs the time available for a drug agent to be released, and it increases the chance that the particle crosses the air/blood barrier. The fact that acinar deposition of both 20-and 80-nm particles peaks in 21-dold rats can be explained as a consequence of the combined effects of the geometric characteristics of the developing acinus, age-dependent breathing characteristics, and chaotic fluid dynamical phenomena.
Discussion
Many physiologic variables exhibit power-law allometric scaling with body mass (19, 20) . In current neonatal care, the estimation of drug dose for an inhalation therapy also follows this ideanamely, dose estimations are based on simple scaling (21) of an infant's body mass to that of an adult (i.e., with an allometric exponent of 1.0). This conventional approach, however, has at least two problems. First, particle deposition (D) is given by the integral over time of the product of deposition fraction (DF), particle concentration (C), and minute ventilation; the total dose D of particles (number or mass depending on the units of concentration) deposited per body weight can therefore be expressed (Fig. 2) , it follows that dose per body weight is given by weights, all of the data during development appear to follow a power law scaling, consistent with the virtually universal appearance of such power laws in allometry. Second, the adult animals (90 d) appear to deviate slightly from the developmental scaling, suggesting that different biological features are coming into play for the variation in minute ventilation with body mass in the fully developed animal. To quantify this, we have used the data from the first four groups of animals (n ≥10 each), spanning 7-35 d of age, and body weights from~20-200 g, and drawn a best fit line (solid) representing the allometric scaling of ventilation with body mass. For minute ventilation (Bottom), for instance, the intraspecies power law equation is given by MV = 2.14 x BW 0.91 (r 2 = 0.93) in the case of the developing rats. Note that the exponent value (0.91) found here is statistically significantly different both from 1 and from two-thirds; the importance of this finding is discussed in the text. . The exponent (−0.09) is statistically significantly different from the conventional value of 0; hence, drug dose cannot be simply estimated as proportional to body mass (although its dependency on body mass is relatively weak). Second and more importantly, as we have shown in Fig. 4 , DF does not remain constant during the postnatal lung development, but rather substantially changes as acinar structure remodeling takes place; in fact, it increases nearly fivefold during the rapid alveolation stage and decreases after this period. This substantial change in DF has a direct influence on particle deposition, and has a much stronger effect on drug dose than the changes in body mass during this period.
The 21-d-old rats with fully formed but still small alveoli are comparable in the developmental stage of their lungs to humans of~2 y of age (9, 10) . Though the body mass of growing infants/ children increases continuously after birth (9, 12) , our data predict that during the same period the deposition efficiency first rapidly increases, then diminishes, peaking around 2 y of age. Based on the arguments above, therefore, dose estimations commonly used in clinical settings (21) may be significantly in error (22, 23) and, importantly, may lead to drug doses greatly in excess of targeted levels in infants of~2 y of age.
In addition to differences in deposition efficiency found here, nanosize particles are likely to interact differently with the alveolar epithelium in infants than in older children and adults. For instance, under the same experimental conditions, the alveolar gas/blood barrier of the adult lungs is more difficult to penetrate by some instilled materials (24, 25) than is the alveolar epithelium of immature neonatal lungs (26) . This difference may be partially due to the substantial morphogenetic and fluid balance changes that occur during developmental remodeling (27, 28) . The importance of understanding NP interaction with the developing vs. the adult respiratory system is further underscored by a recent finding that the translocation of inhaled NPs from the alveolar air space to secondary organs is more than one order of magnitude greater in neonatal rodents than in their adult counterparts (29) . Accurate dose estimation based on the findings reported here, combined with a better understanding of nanosize particle translocation in the lungs of infants/young children, is critical to the optimization of NP-based inhalation therapies (30) (31) (32) in this vulnerable age group (33).
Materials and Methods
Fluid Mechanics Analysis. Geometric models. To demonstrate the effects of ductal wall geometry on airflow patterns in the developing acinus, we defined the essential features of the developing acinar structure and built three numerical models (GAMBIT; ANSYS Inc.); each model represents critical stages of postnatal acinar structural development. Because the newborn acinus is largely saccular (Fig. 1 A and D) , we modeled an acinar duct for this age group as a relatively wide and smooth-walled airspace with a cylindrical channel with shallow ellipsoidal-shaped walls (Fig. S2, Left) . For infants at the age of~2 y old, whose acini have just completed bulk septation, it is likely that their alveoli are already fully developed, but somewhat smaller in size than the alveoli of the adult acini ( Fig. 1 B and E) . We therefore modeled an acinar duct of this developmental stage as a combination of a relatively narrow cylindrical channel and a sphere; the distance of the center of the sphere from the channel wall determined the depth of the alveolus (i.e., the length of secondary septa), which we kept relatively large (Fig. S2, Right) . Our model for the fully developed adult acinus has the same shape as the model of the~2-y-old infant (Fig. S2, Right) , but is larger in size than the infant model, representing the lung growth that occurs after 2 y of age. To reduce the computational effort in the 3D moving-wall calculations without losing any essential features of the flow, symmetry was assumed in two planes of the model shown in Fig. S2 . Breathing patterns. To probe the role of the breathing pattern [tidal volume (V T ), breathing frequency (f)] on acinar airflow patterns, the model "breathed" in an expanding and contracting fashion, preserving geometric similarity. This assumption is based on experimental data (34, 35) . V T and f were adjusted (Table S1 ) to scale allometrically with body mass following the results in Fig. 2 . Flow calculations. The flow in each model was simulated by solving the NavierStokes equations on a moving mesh using ANSYS Fluent software (ANSYS Inc.). Because of the low Reynolds number, the incompressible airflow at the model outlet was assumed to be fully developed and at a constant pressure. The time-varying bulk velocity, U i , was defined at the model inlet. The bulk velocity is defined as U i = Q i /A i , where Q i ¼ 3ð VÞ FðtÞ 2 dF=dt, V is the timeaveraged volume of the model and the parenchymal air volume distal of the model and A i ¼ A i F 2 , where A i is the time-averaged value of the duct cross-sectional area. F(t) sinusoidally varies around 1.0, and expresses the fractional change of all physical lengths during geometrically similar expansion and contraction (Fig. S3) ; its amplitude is determined by the tidal volume to functional residual capacity (FRC) ratio (see SI Materials and Methods for more details). Hence, U i ¼ 3nK½ V= A i cosð2πftÞ. The value of the distal volume was adjusted to achieve the required flow Reynolds number, Re ¼ ðU i Þ max d=ν, where d is the time-mean value of the duct diameter. A series of tests were carried out to ensure that the numerical solutions were both time step and grid independent. Particle tracking. The flow field produced by Fluent was saved at each time step, along with the grid at that time (the grid was expanding and contracting over the breathing cycle). Typically, 400 time steps were used over one breathing cycle. Particle tracks were performed using Tecplot 360 2011. In Tecplot, particle positions are advanced by performing a Runge-Kutta integration of the velocity field with linear interpolation between solution time levels. Typically, the time step used for the particle tracks was 1/10th of that used for the flow calculation. . The data spanned a large range of body masses and breathing patterns, leading to robust estimates of the allometric relationships (Fig. 2) . Inhalation experiments. Five different age groups of rats were used: 7, 14, 21, 35, and 90 d old (16 animals for each age group: 8 for total deposition and 8 for regional deposition). For the inhalation experiments at the HUGU, newborn-specific pathogen-free Wistar-Kyoto rats were obtained together with their mothers and siblings and raised until they reached the designated age to perform the studies. NP generation and characterization. Insoluble, radioactively labeled iridium ( 192 Ir) NPs were produced as described previously (15, 16) . The details are given in SI Materials and Methods. Briefly, the coagulation-driven final size distribution of the chain-agglomerated/aggregated NP was set as either 20 nm or 80 nm (Fig. S4) . The size distribution and the concentration of exposed NPs were continuously monitored (Fig. S4) . To test the effects of NP diffusivity on deposition (note that in a nanosize range, the effects of sedimentation and impaction are negligible), two distinctly different size distributions were generated and examined in this study. These comprised count median diameters of 20 nm and 80 nm, representing the lower and upper ends of the NP size range, respectively; a geometric SD of 1.6 nm, for both distributions; and number concentrations of 5 × 10 6 cm −3 and 2-5 × 10 6 cm −3 , respectively.
Exposure. Each animal was maintained in a tubular containment vessel with only its nose exposed to the bypassing NP aerosols for 1 h (Fig. S4) . More details are given in SI Materials and Methods.
Total Deposition Analysis. The total deposition fraction is defined as the total particle deposition in the respiratory tract (D resp tract ) divided by the total particles inhaled (D inhaled ). From animals killed immediately after exposure, the total particle mass deposition (D resp tract ) was calculated from the 192 Ir radioactivity (A dep+pelt ) found in each animal after subtracting the mean external pelt contamination (A pelt ) detected in skin samples. The mass of inhaled particles (D inhaled ) is estimated as a product of the minute ventilation (MV) measured in a subset of spontaneously breathing animals of the same age group (Fig. 2) , the duration of experiment (T exp ), and the specific aerosol activity (A sp ), which was determined from parallel aerosol sampling on a filter and gamma spectroscopy (SI Text); these then yield the relationship
Regional Deposition Analysis. Regional deposition was estimated based on fast and slow clearance of particles from the respiratory tract (36)-the former represents clearance of particles deposited mainly in the nose and head airways and the intrathoracic conducting airways (D nose+airways ), and the latter represents clearance of particles deposited in the lung parenchyma (D lung ). Therefore, by performing fast vs. slow clearance analysis, deposition in the lung parenchyma can be approximated as a fraction of the total deposition in the entire respiratory tract (D resp tract ). Similar to the discussion above, the total particle deposition [D resp tract (t = 24 h)] was first calculated in the animals killed at 24 h after exposure. Because NPs deposited in the lungs of rats initially clear at a rate of only 2-3%/day (37), most NPs deposited in the lung parenchyma were not cleared within 24 h. Hence, the 192 Ir radioactivity detected in the lung sample [A lung (t = 24 h)]
relative to A dep [= (A dep+pelt − A pelt ) (t = 24 h)] can be considered as a fraction of alveolar deposition.
Similarly, the fast cleared fraction, being transported to the larynx and swallowed there, is determined by the retained 192 Ir activity in the entire gastrointestinal tract and excreted in feces A GIT + Fec .
Statistical Analysis. We used t tests to compare data of total and regional deposition in all experimental groups. All data were expressed as mean ± SD. P < 0.05 was considered significant.
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Semmler-Behnke et al. 10 .1073/pnas.1119339109 SI Materials and Methods Péclet Number. Particles are convected (i.e., carried by airflow) through the respiratory tract in the gas phase. In addition, small particles (<0.5 μm) are subject to diffusive transport as a result of random collisions with the molecules of the gas phase, and to a lesser extent with each other in dilute suspensions. The Péclet number (Pe) describes the relative importance of these two transport mechanisms. Pe is defined as u L/D, where u is characteristic airflow velocity, L is characteristic length scale of airways (e.g., airway diameter), and D is particle diffusivity. The Pe of nanoparticles (NPs; <100 nm in diameter) was calculated for human acinar flow under normal breathing conditions and is plotted in Fig. S1 . The two lines in Fig. S1 represent the conditions at the entrance of the acinus and those in the alveolar terminal sacs, respectively; all NPs within the acinus have Pe between these two limiting lines. For instance, for 100-nm particles (the largest size limit of nanoparticles), 100 < Pe NP = 100 nm < 60,000, demonstrating that for this particle size convective transport greatly outweighs diffusive transport everywhere in the acinus. For much smaller NPs, e.g., NP = 8 nm, 1 < Pe NP = 8 nm < 500, showing convection still dominates in most of the acinus except at the very end of the acinus where convection and diffusion are comparable (Pe~1). Diffusive transport ultimately dominates for particles smaller than 8 nm in size but only at the very end of the acinar tree.
Acinar Fluid Mechanics in the Postnatally Developing Lungs: AgeDependent Acinar Flow Patterns and Particle Mixing. In the acinus, regardless of age, convective mixing dominates over diffusive mixing as described above (Fig. S1) . Newborn: airflow patterns in a relatively wide and smooth-walled saccular acinar airway ( Fig. 1 A and D) are simple with no recirculating flow (Fig. 3 Middle Left). In this case, the only theoretical possibility for convective mixing would be due to inertial effects nonlinear in velocity. However, the inertial effects in low Reynolds number (Re) flows, such as the ones occurring in the acinus, are minimal, and particle-laden tidal air does not mix with alveolar residual air appreciably, which leads to low deposition in the saccular airways of the newborn. Onset of chaos in~2-y-old acinus: in the newborn, alveoli are insufficiently deep to support recirculating flow and hence the flow is characterized by one frequency, the inverse of breathing period. By contrast, in the developing lung, when the secondary septa have grown to the point where the alveoli are deep enough to allow recirculating flow, a second set of frequencies emerges. These additional frequencies are associated with the recirculating flow in the alveolus (Fig. 3 Middle Center and Middle Right). The interplay between the breathing frequency and the recirculatory frequencies creates chaos in the system [detailed explanation is given in Tsuda et al. (11)]. The first appearance of recirculating alveolar flow is then the signature of the onset of chaos, when the characteristics of the acinar flow suddenly change qualitatively. Even though inertial effects are small in low Re flows as noted above, the nonzero Re effects act as a source of perturbation, which is enough to induce alveolar flow chaos (11) (12) (13) (14) . Fig. S3 shows that though the general structure of alveolar flow (e.g., recirculation and spiral patterns) does not change significantly during the breathing cycle, the finer details of the patterns, including their size and location, do change during the cycle due to the small but nonzero Re effects.
Inhalation Experiments. Nanoparticle generation and characterization.
Insoluble, radioactively labeled iridium ( 192 Ir) NPs were produced by igniting a spark between neutron-activated pure iridium electrodes at a frequency of 3 or 15 Hz in an argon stream of 3.5 L/min for a count median diameter of 20-or 80-nm Ir NP aerosols (Fig. S4) (9, 10) . In the spark ignition process, a small amount of iridium of the electrode surface evaporates and condenses very quickly, forming primary particles of 2-5 nm (15) . By altering the frequency of the spark ignition, the resulting mass output and hence the coagulation-driven size distribution of the chain-agglomerated/aggregated NP can be varied. These primary particles appear at very high concentrations (>>10 8 cm −3 ), such that rapid coagulation occurs during cooling. According to the initial high spark temperature, aggregates with firm chemical bonds will be formed. During further cooling, agglomerates will be formed by weak physical forces (e.g., van der Waal forces) (16) .
At the exit of the spark generator (GFG 1000; Palas), the NPs were neutralized by a radioactive 85 Kr source (40 megabecquerels). The particles were then diluted with a mixture of nitrogen and oxygen and air-conditioned for an inhalation temperature of 25°C and a relative humidity of~50% at a flow rate of typically 10 L·min −1 (Fig. S4 ). The NP aerosol was continuously monitored during the entire exposure for size distribution using a differential mobility particle sizer (DMPS; classifier model 3070 and CPC model 7610; TSI) and total aerosol concentration using a condensation particle counter (CPC 3022A; TSI). The aerosol was monitored at the same residence time after generation as the rats were exposed, ensuring size distribution and concentration of the aerosol at the time of inhalation. Note that the lower particlesize detection limit of DMPS was 10 nm (Fig. S4) . Specific 192 Ir radioactivity of the NP aerosol was determined by continuous aerosol sampling at a flow rate of 0.2 L/min on a filter (0.2-μm-pore Millipore polytetrafluoroethylene, volume measurement). Aerosol mass concentration was derived from the given specific activity of the electrodes. Exposure and sacrifice. The exposure chamber is shown in Fig. S4 . Each animal was maintained in a tubular containment vessel with only its nose exposed to the bypassing NP aerosols for 1 h (a plunger was inserted in the back to gently push the animal toward the nose hole) A uniform slow laminar vertical replacement flow ensured uniform aerosol exposure of each animal. Individual animals of different age groups were selected for different-size NP exposures in a randomized fashion.
After 1-h exposure, the animals were killed either immediately for total deposition analysis or at 24 h for regional deposition analysis (see below for details). For the regional deposition analysis, each weaned animal (21-d-old or older) was housed in an individual metabolism cage; preweaned animals (younger than 21 d old) were housed with their mother and littermates. Radioactivity in urine and feces samples was examined quantitatively on the separate urine and feces samples obtained in the metabolism cages or together with the cage bedding until the end of the experiments. After sacrifice, all major organs, including the respiratory system (lungs, trachea/larynx, nose), the gastrointestinal tract, secondary target organs (liver, kidney, spleen, heart, brain), the remaining carcass (muscles, bones, all other tissues), total skin, and excreta (urine, feces, bedding), were sampled separately and a complete balance of 192 Ir activity retained in the body and cleared by excretion out of the body was quantified by gamma spectroscopy (9, 17) . Gamma-spectroscopy was performed either in a lead-shielded large-well (4′ × 4′) scintillation detector [6.5′ × 6.5′ NaI(Tl)] for 1-L volume samples or in a leadshielded, small-well (1′ × 1′) scintillation detector [3′ × 3′ NaI (Tl)] for 10-mL volume samples. Both spectrometers are equip-ped with a computer-controlled, automatic sample exchange system, the former for 12 samples and the latter for 300 samples, and the photopeak of gamma energies of 296, 308, 316 keV was analyzed. Measuring time of the gamma spectrometers was minimized by continuous comparison of acquired photopeak net counts (corrected for background radiation), with preselected count rates warranting sufficient counting statistics to terminate the current sample measurement and change to the next sample. Fig. S1 . Pe of NPs (<100 nm) in the human pulmonary acinus under normal breathing conditions. Pe is generally much larger than unity in the acinus, which means that convection dominates diffusion throughout the acinus, indicating that acinar airflow patterns are critical to the mixing and deposition of nanoparticles in the acinus. The minor diameter (d minor ) of the elliptical alveolus is assumed to be equal to five-sixth of the duct diameter (d), and the major diameter (d major ) equal to twice the minor diameter. The center of the ellipsoidal alveolus was defined to be a distance, h ¼ ffiffiffiffiffi ffi 11 p d=12 above the center line of the duct. With normal breathing, the acinar airflow Reynolds number is typically ≤1, and the airflow becomes fully developed in <1 duct diameter (4) . The duct length (l) was therefore defined to be equal to the ellipse's major axis plus 2 duct diameters, l ¼ 11d=3. Because the acinar airspaces of the newborn are relatively large (5-7), somewhat larger than those of the~2-y-old infant, a value of d newborn = 250 μm was chosen (see below). (Right) An acinar duct of~2-y-old infant was modeled by a cylindrical central channel (center duct) and a truncated sphere (alveolus). The duct and alveolus were taken to have the same diameter (8) . Similar to the newborn model, the center of the alveolus was defined to be a distance h above the center line of the duct, where h = (d/2) [1 + cos (θ/2)] and θ is the alveolar opening angle in the yz plane. The opening angle was taken to be 120°to represent completed septation at~2 y old. For the~2-y-old infant, the average diameter of the acinar duct over generations 15-18 at functional residual capacity (FRC) was estimated to be d 2 y old = 159 μm by scaling the adult counterpart (d adult =~325 μm) (2, 8) by the ratio of the lung volume of the 2-y-old infant and that of the adult at FRC [(V FRC ) 2-y infant = 294 mL and (V FRC ) adult = 2,500 mL, respectively]. The length of the duct was taken to be equal to 3× the duct diameter. Fig. S3 . Typical airflow patterns in the alveolus of a~2-y-old human during a normal breathing cycle. The alveolus is fully shaped but approximately half the size of that of the adult (Fig. 1 B and E) . Funnel-like spiral rotations are visible, and this general flow pattern persists throughout the cycle (i.e., both during inspiration and expiration). However, the size and location of the spiraling flow in the alveolar cavity are time dependent. This time dependency acts as a source of perturbation in the flow, which induces chaos. At~2 y of age, when the alveolus becomes sufficiently deep and alveolar airflow starts to exhibit recirculation, the alveolar flow undergoes a qualitative change from smooth bidirectional flows to the patterns shown here. The breathing frequency for the newborn and the~2-y-old infants were estimated using the equation of Rusconi et al. (1) . The tidal volume for the nonadult cases was adjusted to scale allometrically with body mass, as shown in Fig. 2 . Adult lung volume at functional residual capacity (V FRC ) adult = 2,500 mL was given by Weibel et al. (2) . (V FRC ) 2 y infant and (V FRC ) newborn were estimated at 294 mL and 72 mL, respectively, using the correlation equation of Tepper et al. (3) . The model expanded and contracted in a geometrically similar fashion by defining all lengths to evolve temporally asLðtÞ ¼ LFðtÞ, where F(t) = 1 + K sin (2πft), K = (ϕ− 1)/(ϕ+ 1), ϕ = (1 + V T /V FRC ) 1/3 , and the overbar signifies the time-averaged value.
